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Abstract
The geometric, electronic, magnetic, thermal, and optical properties of transition metal (TM) doped silicene are
systematically explored using spin-dependent density functional computation. We find that the TM atoms decrease the
buckling degree of the silicene structure caused by the interaction between the dopant TM atoms and the Si atoms in
the silicene layer plane which is quite strong. In some TM-silicenes, parallel bands and the corresponding van Hove
singularities are observed in the electronic band structure without and with spin-polarization. These parallel bands are
the origin of most of the transitions in the visible and the UV regions. A high Seebeck coefficient is found in some TM-
silicene without spin-polarization. In the presence of emergent spin-polarization, a reduction or a magnification of the
Seebeck coefficient is seen due to a spin-dependent phase transition. We find that the preferred state is a ferromagnetic
state with a very high Curie temperature. We observe a strong interaction and large orbital hybridization between the
TM atoms and the silicene. As a result, a high magnetic moment emerges in TM-silicene. Our results are potentially
beneficial for thermospin, and optoelectronic nanodevices.
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1. Introduction
A two-dimensional allotrope of silicon is silicene, which
was first reported in 1994 [1]. Silicene has a periodically
buckled topology leading to different properties compared
to some other 2D materials [2, 3], and it is composed of sil-
icon (Si) atoms with some benefits compared to graphene
[4, 5] as it is compatible with the present silicon-based
technology. Therefore, silicene has been extensively in-
vestigated in electronics [6], optical [7], thermoelectric [8],
and magnetic [9] devices. Silicenes with Transition met-
als (TM) have also several applications in chemistry such
as hydrogenation evolution reaction [10], designing oxy-
gen reduction reaction electro-catalysts [11], and silicene
superlattice for Na-ion [12] Li-O2 [13] batteries.
Despite its unique properties, silicene is not a very good
material for some applications such as thermoelectric de-
vices due to the zero bandgap. However, the zero-gap dis-
advantage can be overcome [14]. Transition metals (TM)
doped silicene (TM-silicene) are candidates in which the
bandgap can be tuned [15]. It has been shown that in TM
the semi-metal characteristics of silicene are changed to be
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semiconducting or metallic depending on the type of the
TM dopant atoms. Among the ten types of TM-silicene
investigated, Ti-, Ni-, and Zn-doped silicene have shown
semiconducting properties, whereas Co- and Cu- doped
silicene present a half-metallic material [16].
In addition to the advantage found in the aforemen-
tioned studies, another point speaking for TM-silicene is
that it is a strong candidate for the quantum spin Hall ef-
fect. This is again attributed to the enhanced bandgap of
TM-silicene [17, 18]. Therefore, the investigations of the
magnetic properties of TM-silicene are of potential impor-
tance in diverse fields such as quantum electronics, spin-
tronics, and optoelectronics [17, 19]. It has been shown
that the magnetic behavior of silicene can also be tuned
by different TM dopant atoms [20]. The magnetic modifi-
cations mainly come from the 3d orbitals of the TM dopant
atoms along with a partial contribution from the adjacent
Si atoms.
The optical properties of silicene is another important
aspect of research because it also has many applications
in the optoelectronic industries [20, 21]. It has been re-
ported that optical response of silicene is in the IR and
visible regions [22]. The absorption spectra of P and Al-
doped silicenes show higher absorption compared to pris-
tine silicene, and no important changes in the electrical
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conductivity are found with the doping concentration for
in-plane light polarization [23]. The optical properties of
TM-doped silicene have shown that the intensity of the
absorption peaks decreases for out of the plane light po-
larization [24].
The thermoelectric characteristics of pristine silicene
can also be improved by doping. For example, the presence
of defects may decrease the phononic thermal conductance.
This enhances the thermoelectric efficiency or the figure of
merit ZT [25]. A substitutional B/N doping [26] and di-
hydrogenation [27] of silicene have been regarded as an
effective way to enhance the thermoelectric efficiency. All
the methods used to increase the thermoelectric efficiency
focus on tuning the bandgap of the silicene structure.
In this work, we consider the effects of TM doping on
the physical properties of silicene. We first study the elec-
tronic, thermal and optical characteristics of TM-silicene.
We then use a TM dopant as a prototype magnetic impu-
rity to show that it is possible to achieve magnetic prop-
erties such as ferro- or antiferromagnetism. We will show
how magnetically active phases in TM-silicene can enhance
the thermoelectric properties such as the Seebeck coeffi-
cient. It will be shown that TM-doped silicene monolayers
could be prominent candidates for spintronic devices.
In Sec. 2 the structure of TM-silicene is briefly over-
viewed. In Sec. 3 the main achieved results are analyzed.
In Sec. 4 the conclusions of the modeling results are pre-
sented.
2. Computational Tools
All the calculations of the pure and the TM-silicene
properties are performed with the Quantum espresso (QE)
simulation package [28, 29]. For visualization of the sam-
ples, the crystalline and molecular structure the visual-
ization program (XCrySDen) is used [30]. In QE, the
general gradient approximation (GGA) with the Perdew-
Burke-Ernzerhof (PBE) potential is employed with a cut-
off energy of 1088.45 eV. In our samples consisting of a
2 × 2 supercell, the structures are considered fully re-
laxed when the Hellmann-Feynman forces are less than
1.2 × 10−4 eV/A˚, and the total energy changes less than
1.9 × 10−4 eV. The Brillouin zone (BZ) is sampled by a
Monkhorst-Pack k-mesh of 15× 15× 1. The same k-mesh
points are used for the SCF calculations. In the density
of state (Dos) calculations, a 100× 100× 1 grids are used.
Furthermore, the Boltzmann transport properties software
package (BoltzTraP) is utilized to study the thermal prop-
erties of the structures [31]. The BoltzTraP code uses a
mesh of band energies and has an interface to the QE
package [32]. The optical characteristics of the systems
are obtained by the QE code with a broadening of 0.1 eV.
3. Results
Our results are divided into two groups: First, the re-
sults of the spin-independent model, the electronic, the
thermal and optical properties for TM-silicene. Second,
we show the results of the spin-dependent model, the elec-
tronic band structure, the density of states of TM-silicene,
and the thermal properties. In addition the magnetic
properties including the magnetic moments of TM-silicene
are presented.
3.1. Spin-independent calculations
In this section, we show the results of the spin-
independent model. The structures under investigation
are shown in Fig. 1. The left panel of Fig. 1 is the pris-
tine buckled silicene, b-Si (top panel), and the TM-doped
silicene (bottom panel). In addition, the right panel is the
side view of the b-Si and TM-silicene for five selected TM
dopants including Ti, V, Mn, Fe, and Co atoms. The TM
atoms are doped at the para-positions of the 2× 2 hexag-
onal structure of silicene [33, 34, 35]. The TM-silicene is
thus identified as TiSi7 (purple), VSi7 (red), MnSi7 (light
blue), FeSi7 (blue), and CoSi7 (black). In b-Si, the Si-Si
bond length is found to be 2.27 A˚, which agrees well with
a previous study [36]. This larger Si-Si bond length weak-
ens the pi-pi overlaps, resulting in a low-buckled structure.
The buckling parameter of b-Si is 0.45 A˚ which is in a good
agreement with previous studies [37].
Figure 1: Left panel: the pure silicene, b-Si, (top panel) and the
TM-doped silicene (bottom panel). Right panel: side view of b-Si
(golden), TiSi7 (purple), VSi7 (red), MnSi7 (light blue), FeSi7 (blue),
and CoSi7 (black).
Table 1: The buckling parameter of the structures.
Structure δ(A˚)
b-Si 0.45
TiSi7 0.076
VSi7 0.2
MnSi7 0.268
FeSi7 0.174
CoSi7 0.371
The first observation of Fig. 1 is that the buckling degree
is strongly influenced by the TM atom dopant. The buck-
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ling parameter (δ) for all structures under investigation
are presented in Tab. 1.
It can be seen that the TM atoms leave the silicene
plane in the fully relaxed structures [38]. Consequently,
the buckling degree of TM-silicene is decreased compared
to b-Si. The outward movement of the TM atoms from
the silicene layer and the occupation of almost perfectly
symmetric 3-fold positions have been reported previously
[39]. This reveals that in contrast to graphene the in-
teraction between the TM atoms and the silicene layer
is quite strong due to its highly reactive buckled hexago-
nal structure [40]. The lowest buckling degree occurring
for TiSi7 reveals a maximum distortion, and the highest
buckling degree of CoSi7 among TM-silicene indicates a
minimum distortion in the silicene structure. These dis-
tortions emerge here because the bonding energy of the Ti
atoms, 4.89 eV, to silicene occurs with a significant buck-
ling and lattice a distortion [40]. In addition, the atomic
radii of the Ti atoms are much larger than these of the Co
atoms which may influence the distortion and the buckling
degree.
The DFT calculations of the formation energy indicate
that TiSi7 has the lowest, and CoSi7 has the highest for-
mation energy among all the investigated structures. The
TiSi7 is thus the most structurally stable system.
The electronic band structures of b-Si (a) and the TM-
silicenes (b-f) are presented in Fig. 2. The electronic eigen-
values along high symmetry directions (Γ M K Γ) in the
first Brillouin zone are calculated self-consistently. Our re-
sults for the band structure show that the TiSi7 (b) and
VSi7 (c) are semiconducting materials due to the presence
of a finite bandgap around Fermi energy, while MnSi7 (c),
FeSi7 (e), and CoSi7 (f) are metals because the Fermi en-
ergy crosses valence or conduction bands. The bandgap
of TiSi7 and VSi7 are 0.51 and 0.59 eV, respectively. It
should be noticed that the Dirac cone in the TM silicene
vanishes. This is caused by the orbitals of the TM atom
which make a considerable contribution to the energy lev-
els through the hybridization between the TM atom and
the silicene as is seen in Fig. 2(g). It can be clearly seen
the density of states of the TM atom around the Fermi
energy has a high contribution. The semiconductor prop-
erties of some TM-silicenes with Ti dopant atoms have
recently been studied [24].
The bandgap tuning directly influences the thermoelec-
tric properties of a system. The Seebeck coefficient, S, of
a pristine b-Si and TM-silicenes are displayed in Fig. 3 at
temperature T = 100 K. We focus on this low temperature
range from 20 to 160 K, where the electrons and phonons
are decoupled. At this temperature range the electrons
deliver the main contribution to the thermal behavior
[41, 42, 43]. The gapless b-Si exhibits poorer thermoelec-
tric performance, than the gapped TM-silicenes. The low
Seebeck coefficient and the thermoelectric performance of
b-Si is caused by the cancellation of the electron-hole con-
tributions to the transport quantities. As we stated before,
an effective way to enhance the thermoelectric properties
Figure 2: The electronic band structure of b-Si (a), TiSi7 (b), VSi7
(c), MnSi7 (d), FeSi7 (e), and CoSi7 (f). The density of state (Dos)
of the Si and TM atoms in TM-silicene, FeSi7, (g). The Fermi energy
is set at zero.
of a system is to open up a bandgap, and thus lifting this
cancellation effect [44].
We therefore see the maximum Seebeck coefficient for
TiSi7 (purple) and VSi7 (red) as they have a bandgap
around the Fermi energy behaving as semiconductor ma-
terials.
The optical response of a 2D structure is also directly
related to the electronic band structure [45]. For instance
the imaginary part of the dielectric function denotes the
absorbed energy by the structure. The imaginary dielec-
tric functions, ε2, in the case of an in-plane or a parallel,
Ein, (a) and an out-plane or a perpendicular, Eout, (b)
electric fields are shown in Fig. 4 for b-Si and TM-silicene.
It is well known that the two main peaks in the imaginary
dielectric function of b-Si are at 1.68 eV corresponding to
the pi to pi∗ states, and at 3.85 eV revealing the transition
between the σ to the σ∗ states in the parallel electric field.
Similar to graphene, inter-band transitions for perpendic-
ular polarized light are observed for pristine b-Si except
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Figure 3: Seebeck coefficient of the b-Si (golden) and the TM-silicene
at temperature T = 100 K. including TiSi7 (purple), VSi7 (red),
MnSi7 (light blue), FeSi7 (blue), and CoSi7 (black).
the transitions here occur below 10 eV.
It is interesting to see that the optical response for TM-
silicene is strong at low energy (in the visible and the UV
regions) for both the parallel and the perpendicular polar-
izations of the electromagnetic fields. This is attributed to
the following facts related to the band structure of TM-
silicene. First, the gap at the Γ point in the band structure
for all TM-silicene decreases with a increasing atomic ra-
dius of the dopant atoms. The higher the atomic radius
the smaller gap at Γ point is. Second, parallel bands are
formed in all directions between bonding and antibonding
orbitals of the TM-silicene. These parallel bands lead to
most of the transitions in the visible and the UV regions.
Third, optical transitions occur around van Hove singu-
larities. A van Hove singularity is caused by a flat band
formed along the M to K as is seen in the band structure
of MnSi7 and CoSi7. The effects of a van Hove singularity
on the optical response have been reported for 2D materi-
als [22].
3.2. Spin-dependent calculations
In this section, we show the results of a spin-dependent
model for the pristine b-Si and the TM-silicenes. First, we
preform both ferromagnetic (FM) and antiferromagnetic
(AFM) calculations where the strength of the magnetiza-
tion is assumed to be 0.5 A/m. The energy difference be-
tween the AFM and the FM states is ∆E = EAFM−EFM.
The ∆E of TiSi7 is zero indicating a nonmagnetic struc-
ture, and for VSi7, MnSi7, FeSi7, and CoSi7 the differ-
ences are 85.05, 50.05, 13.6, and −78.9 meV, respectively.
This shows that the VSi7, MnSi7, and FeSi7 favor FM, but
CoSi7 favors AFM.
Based on ∆E, one can further estimate the Curie tem-
perature, TMFA
C
, via a mean field approximation using
3
2
kBT
MFA
C =
∆E
Nimp
, (1)
with Nimp the number of TM atoms in the structure. The
Curie temperature of TiSi7, VSi7, MnSi7, FeSi7, and CoSi7
Figure 4: The imaginary dielectric function of pristine b-Si (golden)
and TM-silicene including TiSi7 (purple), VSi7 (red), MnSi7 (light
blue), FeSi7 (blue), and CoSi7 (black) for in-plane, Ein, or parallel
(a) and out-plane or perpendicular, Eout, (b) electric fields.
is found to be 0, 657, 386, 105, and 609 K. The results
for the Curie temperatures in our calculations agree well
with a previous study [39], and they are candidates for
thermospin devices at 100 K as our study shows.
It is known that the TM atoms have a strong cou-
pling with silicene giving a strong modification of the spin-
dependent band structures, density of states, and spin
transport properties [39]. Figure 5 and 6 show the elec-
tronic band structure and the Dos of b-Si and TM-silicene
for both spin-up (solid lines) and spin-down (dotted lines),
respectively. The band structure and the Dos for b-Si re-
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Figure 5: Spin-dependent electronic band structure of b-Si (golden)
and TM-silicene including TiSi7 (purple), VSi7 (red), MnSi7 (light
blue), FeSi7 (blue), and CoSi7 (black). The sold lines are spin-up
and dotted lines are spin-down. The Fermi energy is at 0.
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Figure 6: Spin-dependent Dos of b-Si (golden) and TM-silicene in-
cluding TiSi7 (purple), VSi7 (red), MnSi7 (light blue), FeSi7 (blue),
and CoSi7 (black). The sold lines are spin-up and dotted lines are
spin-down. The Fermi energy is at 0.
veals that the spin-up and the spin-down band structures
and Dos are symmetric indicating no magnetic properties.
In addition, a spin splitting does not occur between the
spin-up and the spin-down close to the Fermi energy show-
ing the pristine b-Si is non-magnetic.
In the TM-silicene, the band structures and the Dos
manifest different trends such as nonmagnetic semicon-
ductors, magnetic metals, and half-metals. Namely, TiSi7
(purple) has nonmagnetic or spin unpolarized semicon-
ducting property with bandgap 0.51 eV for both spin chan-
nels. The bandgap here is exactly equal to the bandgap
of the structure predicted by the spin-independent model
mentioned before. Spin unpolarized semiconducting is a
semiconductors having a bandgap but there is no spin
splitting between the spin-up and spin-down, and both
spin channels have the same structure. These struc-
tures are called nonmagnetic semiconductors. Further-
more, VSi7 (red) and FeSi7 (blue) indicate a magnetic or
spin polarized metallic behavior with a spin splitting be-
tween the spin-up and the spin-down states around the
Fermi energy, and the Fermi energy crosses the valence
or the conduction bands. In the two TM-silicene, MnSi7
(light blue) and CoSi7 (black), we notice a spin polarized
half-metallic feature with the states of one spin direction
showing a semiconducting behavior, while the other dis-
plays a metallic behavior. Such property is a basis for
spintronic applications. The indirect bandgap of the spin-
down channel of MnSi7 is 0.64 eV, and CoSi7 it is 0.21 eV.
It is interesting to see that VSi7 has a semiconductor prop-
erty, when the spin is ignored as is shown in Fig. 2c, but
in the spin-dependent model VSi7 becomes metallic. The
same applies to MnSi7 and CoSi7, which are metallic ac-
cording to the spin-independent model, but they become
half metallic when spin is accounted for. These spin phase
transitions have been observed for silicene materials and
superlattices [46]. The spin-phase transition process leads
to an increase in thermal efficiency. For instance, the spin-
independent Seebeck coefficient of MnSi7 and CoSi7 were
small shown in Fig. 3, but the spin-polarized Seebeck coef-
Figure 7: Seebeck coefficient of b-Si and TM-silicene at T = 100 K
for both spin-up (a) and spin-down (b) channels.
ficient of MnSi7 and CoSi7 is enhanced for the spin-down
channel as is shown in Fig. 7. This is attributed to the
opening of bandgaps for the spin-down channel making
them half-metals. It should be mentioned that the See-
beck coefficient of TiSi7 is the same for both spin-up and
down because TiSi7 is nonmagnetic material. In contrast,
the spin-independent Seebeck coefficient of VSi7 was high
but it is suppressed for spin-up and totally vanished for
spin-down channel. This spin-dependent phase transition
is an important property, through which a bandgap can
be induced by means of magnetic dopants. The systems
with such a bandgap can be applicable to practical areas,
such as field-effect transistors (FETs) [2], single-spin elec-
tron sources [47], and nonvolatile magnetic random access
memory [48]. This is also important for thermospin filter-
ing in spintronic devices.
The spin-dependent phase transition can mainly be re-
ferred to the spin-dependent orbitals of the TM atoms,
which contribute to the energy level through the hybridiza-
tion between the TM atom and the silicene layer as is pre-
sented in Fig. 8. We clearly see that the density of state
of the TM atom for both spin-up and spin-down around
the Fermi energy has high contributions. Especially, the
spin-down density of states of TM atoms is much stronger
around the Fermi energy compared to the spin-up states.
Another magnetic property of the TM-silicene is the
magnetic moment. The 3d-orbitals of the TM atoms gives
rise to the magnetism of TM-silicene, and its partial den-
sity of state difference for both spin-up and spin-down
states shown in Fig. 9, which is responsible for the net
magnetic moment. In particular, one can observe that the
PDos (partial Dos) peaks of the d-orbitals of the transition
metal, d-TM, can align with the peaks of the p-orbitals of
the Si atoms of silicene, p-Si, very well. This implies that
there are the strong interaction and large orbital hybridiza-
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Figure 8: The spin-dependent density of state of the Si and TM
atoms in TM-silicene, FeSi7, for spin-up (a) and spin-down (b).
tion between the TM atoms and the silicene. As a result,
high magnetic moments are found in TM-silicene.
Figure 9: The partial density of state, PDos, of the d-orbital of TM-
atom, d-TM, and p-orbital of Si atoms of silicene, p-Si, for both
spin-up (a), and spin-down (b).
Figure 10 shows the magnetic moments of the b-Si and
the TM-silicene systems for the p-orbital contribution of
the Si atoms (µp), 3d orbitals of the TM atoms (µ3d), and
the total magnetization of the TM-silicene (µTotal). One
can clearly see that the magnetization is mainly caused by
the TM atoms. In addition, we should remember that our
results for the magnetic moment is underestimated by the
GGA-PBE calculations. If GGA+U or HSE calculations
are used, the obtained magnetic moments will be higher.
For instance, the magnetic moment of MnSi7 is 3µB using
the GGA-PBE approach, but it is increased to 4µB if the
GGA+U or HSE are used. This smaller value of magnetic
moment of MnSi7 here can be attributed to the fact that,
the semilocal GGA functional tends to delocalize the d
electrons and increase the d-p overlapping, consequently
leading to the underestimation of the magnetic moment of
the Mn dopant [39].
In order to give a more clear picture of the magnetic
distribution, we plot the spin polarized density (∆ρ =
ρup − ρdown) in Fig. 11 for b-Si and TM-silicene. The
spin polarized distribution of b-Si and TiSi7 is very small.
It is neglectable even on the finer scale used on these two
subfigures (see the scale of the z-axis). Remarkably, The
spin polarized distribution of other TM-silicenes is almost
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Figure 10: Magnetic moments of b-Si and TM-silicene for the p-
orbital contribution of Si atoms (µp), 3d orbitals of TM atoms (µ3d),
and total magnetization of TM-silicene (µTotal).
entirely located on the dopant atoms, showing highly lo-
calized magnetic features. Especially, the spin polarization
of the Mn atom in MnSi7 is highest, revealing the highest
magnetic moment as was mentioned before.
Figure 11: The spin polarized density of b-Si and TM-silicene struc-
tures.
4. Summary and Conclusions
We have studied TM-silicene with density functional
computation models neglecting, or accounting for spin-
polarization. In the absence of spin-polarization in TM-
silicene, we observe both metallic and semiconductor be-
havior depending on the TM dopant atoms. As a result
a thermoelectric property such as the Seebeck coefficient
is enhanced, and TM-silicenes show a large optical re-
sponse at low energy. In the presence of spin-polarization
in TM-silicene, a spin phase transitions occurs leading to
half metallic, metallic, and semiconductor properties of
the TM-silicene. The spin phase transitions induce spin
filtering or the possibility to access a thermospin trans-
port via spin-up and down channels depending on the
spin-dependent band structure. In addition, strong or-
bital interactions between the Silicon and the TM atoms
are observed. These interactions control the magnetiza-
tion of the system, in which a high magnetic moment of
TM-silicene is generated.
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